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Strenuous physical activity (e.g., exercise) is the most accessible, effective, pluripotent and safe intervention to improve and maintain health, as well as treat most modern chronic diseases  ADDIN EN.CITE 1-4. Evidence from randomized controlled trials (RCTs) indicates that exercise is as effective as drug interventions in terms of mortality benefits in the secondary prevention of coronary heart disease, treatment of heart failure and prevention of diabetes, and is more beneficial than drug treatment in stroke rehabilitation  HYPERLINK \l "_ENREF_5" \o "Naci, 2013 #5"  ADDIN EN.CITE <EndNote><Cite><Author>Naci</Author><Year>2013</Year><RecNum>5</RecNum><DisplayText><style face="superscript">5</style></DisplayText><record><rec-number>5</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">5</key></foreign-keys><ref-type name="Book">6</ref-type><contributors><authors><author>Naci, Huseyin</author><author>Ioannidis, John P A</author></authors></contributors><titles><title>Comparative effectiveness of exercise and drug interventions on mortality outcomes: metaepidemiological study</title></titles><volume>347</volume><dates><year>2013</year><pub-dates><date>2013-10-01 22:31:20</date></pub-dates></dates><work-type>Journal Article</work-type><urls><related-urls><url>http://www.bmj.com/bmj/347/bmj.f5577.full.pdf</url></related-urls><pdf-urls><url>file://U:\articles\#2207 Ex vs drugs in disease prevention_BMJ2013.pdf</url></pdf-urls></urls><electronic-resource-num>10.1136/bmj.f5577</electronic-resource-num></record></Cite></EndNote>5. Thus, exercise has a significant role to play in both the prevention and treatment of disease. However, despite its clear benefits, more than one third of the global adult population, and four-fifths of adolescents, fail to meet current public health guidelines for physical activity ,  [i.e., ≥30 min of moderate-intensity exercise on at least 5 days of the week (≥150 min·wk-1), or 20 min of vigorous-intensity aerobic exercise training on at least 3 days of the week (≥75 min·wk-1) , ]. Inactivity appears more prevalent in higher income countries (e.g., 80% of British and 90% of American adults , ), particularly among the less wealthy, who also comprise the majority of these populations ADDIN EN.CITE , . Global health statistics highlight ‘physical inactivity’ as a top 10 risk factor for poor health  HYPERLINK \l "_ENREF_14" \o "Murray, 2013 #14"  ADDIN EN.CITE <EndNote><Cite><Author>Murray</Author><Year>2013</Year><RecNum>14</RecNum><DisplayText><style face="superscript">14</style></DisplayText><record><rec-number>14</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">14</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Murray, Christopher J.L.</author><author>Lopez, Alan D.</author></authors></contributors><titles><title>Measuring the Global Burden of Disease</title><secondary-title>New England Journal of Medicine</secondary-title></titles><pages>448-457</pages><volume>369</volume><number>5</number><dates><year>2013</year></dates><accession-num>23902484</accession-num><urls><related-urls><url>http://www.nejm.org/doi/full/10.1056/NEJMra1201534</url></related-urls></urls><electronic-resource-num>doi:10.1056/NEJMra1201534</electronic-resource-num></record></Cite></EndNote>14, associated with an increased risk of premature cardiovascular and cerebrovascular mortality  ADDIN EN.CITE 15-18. Therefore, to better harness its health benefits, we need to more effectively establish the underlying mechanisms, and therefore the role of each exercise parameter (intensity, frequency, mode and duration) in optimizing health and well-being. This knowledge will inform exercise prescription guidelines and allow exploration of alternative approaches to access the health benefits that exercise provides for both healthy and diseased populations.

The benefits of exercise for the brain are becoming increasingly evident but remain poorly understood. Regular exercise promotes angiogenesis, neurogenesis and synaptic plasticity  ADDIN EN.CITE 19-21, which translate into improved and/or more efficient cerebral perfusion and metabolism , . Such neural and vascular adaptations contribute to the maintenance of cognitive function, which declines during aging and more markedly in dementia  ADDIN EN.CITE , . However, the mechanisms that underpin the neuroprotective benefits of exercise remain to be established, and thus so does the rationalization of exercise parameters. Optimizing exercise to target the aging brain has the potential to prevent stroke and associated neurovascular diseases including dementia, thus reducing the global economic burden associated with the aging population. This is critical given that the societal cost of dementia was estimated at >$600 billion globally in 2010, and in the UK the cost of dementia alone almost matched the combined costs of cancer, heart disease and stroke 27. Urgent implementation of effective countermeasures is critical to fully prepare for the challenges of the world’s changing demographics and to create an equitable, affordable and sustainable aging society for the future. Since there are no curative treatments currently available, major efforts need to focus on prevention, with emphasis on modifiable risk factors such as engagement in physical activity. 

Conceptual focus
In this review we critically address to what extent high-intensity interval exercise training (HIT) may improve cerebrovascular function, with a focus on the mechanisms and translational impact for patient health and well-being. We begin by highlighting the potential mechanisms by which exercise can improve brain function. Next, we review evidence to illustrate the effectiveness of HIT in healthy and clinical populations associated with impaired brain function. We then discuss the potential danger that HIT may pose to the brain, and how current understanding of cerebral blood flow (CBF) regulation could be used to limit potential risk and inform novel conditioning approaches that target the brain. Finally, we introduce novel interventions that are under investigation as alternative means of accelerating exercise-induced cerebrovascular adaptation, and suggest avenues for future research.

Exercise and the functional regulation of cerebral blood flow 
The regulation of CBF involves complex interactions between brain metabolic and neuronal activity, blood pressure, partial pressure of arterial carbon dioxide (PaCO2), cardiac output, and, perhaps sympathetic nervous system activity  HYPERLINK \l "_ENREF_28" \o "ter Laan, 2013 #78"  ADDIN EN.CITE <EndNote><Cite><Author>ter Laan</Author><Year>2013</Year><RecNum>78</RecNum><DisplayText><style face="superscript">28</style></DisplayText><record><rec-number>78</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">78</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>ter Laan, M.</author><author>van Dijk, J. M. C.</author><author>Elting, J. W. J.</author><author>Staal, M. J.</author><author>Absalom, A. R.</author></authors></contributors><titles><title>Sympathetic regulation of cerebral blood flow in humans: a review</title><secondary-title>British Journal of Anaesthesia</secondary-title></titles><pages>361-367</pages><volume>111</volume><number>3</number><dates><year>2013</year><pub-dates><date>September 1, 2013</date></pub-dates></dates><urls><related-urls><url>http://bja.oxfordjournals.org/content/111/3/361.abstract</url></related-urls></urls><electronic-resource-num>10.1093/bja/aet122</electronic-resource-num></record></Cite></EndNote>28 (see review by Ogoh and Ainslie  HYPERLINK \l "_ENREF_29" \o "Ogoh, 2009 #79"  ADDIN EN.CITE <EndNote><Cite><Author>Ogoh</Author><Year>2009</Year><RecNum>79</RecNum><DisplayText><style face="superscript">29</style></DisplayText><record><rec-number>79</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">79</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Ogoh, Shigehiko</author><author>Ainslie, Philip N.</author></authors></contributors><titles><title>Regulatory Mechanisms of Cerebral Blood Flow During Exercise: New Concepts</title><secondary-title>Exercise and Sport Sciences Reviews</secondary-title></titles><pages>123-129</pages><volume>37</volume><number>3</number><keywords><keyword>cerebral autoregulation</keyword><keyword>autonomic nervous system</keyword><keyword>carbon dioxide tension</keyword><keyword>oxygen tension</keyword><keyword>chemoreflex</keyword><keyword>blood pressure</keyword></keywords><dates><year>2009</year></dates><isbn>0091-6331</isbn><urls><related-urls><url>http://journals.lww.com/acsm-essr/Fulltext/2009/07000/Regulatory_Mechanisms_of_Cerebral_Blood_Flow.4.aspx</url></related-urls></urls></record></Cite></EndNote>29). Exercise affects all of these factors and their interactions  HYPERLINK \l "_ENREF_29" \o "Ogoh, 2009 #79"  ADDIN EN.CITE <EndNote><Cite><Author>Ogoh</Author><Year>2009</Year><RecNum>79</RecNum><DisplayText><style face="superscript">29</style></DisplayText><record><rec-number>79</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">79</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Ogoh, Shigehiko</author><author>Ainslie, Philip N.</author></authors></contributors><titles><title>Regulatory Mechanisms of Cerebral Blood Flow During Exercise: New Concepts</title><secondary-title>Exercise and Sport Sciences Reviews</secondary-title></titles><pages>123-129</pages><volume>37</volume><number>3</number><keywords><keyword>cerebral autoregulation</keyword><keyword>autonomic nervous system</keyword><keyword>carbon dioxide tension</keyword><keyword>oxygen tension</keyword><keyword>chemoreflex</keyword><keyword>blood pressure</keyword></keywords><dates><year>2009</year></dates><isbn>0091-6331</isbn><urls><related-urls><url>http://journals.lww.com/acsm-essr/Fulltext/2009/07000/Regulatory_Mechanisms_of_Cerebral_Blood_Flow.4.aspx</url></related-urls></urls></record></Cite></EndNote>29. Traditionally, CBF during exercise was thought to be unchanged from rest , ; however, more recent studies utilizing technologies with greater temporal resolution (e.g., transcranial Doppler and MRI) have demonstrated that global CBF increases with exercise intensity up to ~70% of maximal aerobic power (i.e., V̇O2max) ADDIN EN.CITE 32-35, although region-specific increases only to brain areas associated with locomotion have also been suggested  ADDIN EN.CITE , . This elevation in CBF is mediated via elevations in cerebral metabolic and neuronal activity  ADDIN EN.CITE , , blood-borne molecular factors (e.g., NO, VEGF) and PaCO2  ADDIN EN.CITE 40-42; the latter two likely to have a global effect. 

Increased blood flow elevates mechanical shear-stress within blood vessels, which has a beneficial effect on the endothelium via Akt- (protein kinase B) dependent expression of endothelial nitric oxide synthase (eNOS), nitric oxide (NO) generation, and complementary improvement of antioxidant defences (reviewed in  HYPERLINK \l "_ENREF_37" \o "Bolduc, 2013 #28"  ADDIN EN.CITE <EndNote><Cite><Author>Bolduc</Author><Year>2013</Year><RecNum>28</RecNum><DisplayText><style face="superscript">37</style></DisplayText><record><rec-number>28</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">28</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Bolduc, Virginie</author><author>Thorin-Trescases, Nathalie</author><author>Thorin, Eric</author></authors></contributors><titles><title>Endothelium-dependent control of cerebrovascular functions through age: exercise for healthy cerebrovascular aging</title><secondary-title>Am J Physiol Heart Circ Physiol</secondary-title></titles><pages>H620-H633</pages><volume>305</volume><number>5</number><dates><year>2013</year><pub-dates><date>2013-09-01 00:00:00</date></pub-dates></dates><work-type>Journal Article</work-type><urls><related-urls><url>http://ajpheart.physiology.org/ajpheart/305/5/H620.full.pdf</url></related-urls><pdf-urls><url>file://U:\articles\#2212 Bolduc et al., 2013.pdf</url></pdf-urls></urls><electronic-resource-num>10.1152/ajpheart.00624.2012</electronic-resource-num></record></Cite></EndNote>37). The increase in vascular NO bioavailability is considered a key factor in the maintenance of cerebrovascular function and optimal regulation of CBF. While in humans much of this premise has been inferred from studying shear-stress-mediated improvement in endothelial function of the systemic vasculature  HYPERLINK \l "_ENREF_43" \o "Tinken, 2009 #29"  ADDIN EN.CITE <EndNote><Cite><Author>Tinken</Author><Year>2009</Year><RecNum>29</RecNum><DisplayText><style face="superscript">43</style></DisplayText><record><rec-number>29</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">29</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Tinken, Toni M.</author><author>Thijssen, Dick H.J.</author><author>Hopkins, Nicola</author><author>Black, Mark A.</author><author>Dawson, Ellen A.</author><author>Minson, Christopher T.</author><author>Newcomer, Sean C.</author><author>Laughlin, M. Harold</author><author>Cable, N. Timothy</author><author>Green, Daniel J.</author></authors></contributors><titles><title>Impact of Shear Rate Modulation on Vascular Function in Humans</title><secondary-title>Hypertension</secondary-title></titles><pages>278-285</pages><volume>54</volume><number>2</number><dates><year>2009</year><pub-dates><date>August 1, 2009</date></pub-dates></dates><urls><related-urls><url>http://hyper.ahajournals.org/content/54/2/278.abstract</url></related-urls></urls><electronic-resource-num>10.1161/hypertensionaha.109.134361</electronic-resource-num></record></Cite></EndNote>43 [e.g., via flow-mediated dilation (FMD) of the brachial artery], extrapolating this to the cerebrovasculature seems reasonable, although with some caveats specific to high-intensity exercise as will be discussed below. Evidence from animal-based and cell-culture studies provides strong support for shear-stress-mediated adaptation of the cerebrovasculature (see review by Bolduc and colleagues  HYPERLINK \l "_ENREF_37" \o "Bolduc, 2013 #28"  ADDIN EN.CITE <EndNote><Cite><Author>Bolduc</Author><Year>2013</Year><RecNum>28</RecNum><DisplayText><style face="superscript">37</style></DisplayText><record><rec-number>28</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">28</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Bolduc, Virginie</author><author>Thorin-Trescases, Nathalie</author><author>Thorin, Eric</author></authors></contributors><titles><title>Endothelium-dependent control of cerebrovascular functions through age: exercise for healthy cerebrovascular aging</title><secondary-title>Am J Physiol Heart Circ Physiol</secondary-title></titles><pages>H620-H633</pages><volume>305</volume><number>5</number><dates><year>2013</year><pub-dates><date>2013-09-01 00:00:00</date></pub-dates></dates><work-type>Journal Article</work-type><urls><related-urls><url>http://ajpheart.physiology.org/ajpheart/305/5/H620.full.pdf</url></related-urls><pdf-urls><url>file://U:\articles\#2212 Bolduc et al., 2013.pdf</url></pdf-urls></urls><electronic-resource-num>10.1152/ajpheart.00624.2012</electronic-resource-num></record></Cite></EndNote>37). Further, Padilla and colleagues HYPERLINK \l "_ENREF_44" \o "Padilla, 2011 #30"  ADDIN EN.CITE <EndNote><Cite><Author>Padilla</Author><Year>2011</Year><RecNum>30</RecNum><DisplayText><style face="superscript">44</style></DisplayText><record><rec-number>30</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">30</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Padilla, Jaume</author><author>Simmons, Grant H.</author><author>Bender, Shawn B.</author><author>Arce-Esquivel, Arturo A.</author><author>Whyte, Jeffrey J.</author><author>Laughlin, M. Harold</author></authors></contributors><titles><title>Vascular Effects of Exercise: Endothelial Adaptations Beyond Active Muscle Beds</title><secondary-title>Physiology</secondary-title></titles><pages>132-145</pages><volume>26</volume><number>3</number><dates><year>2011</year><pub-dates><date>2011-06-01 00:00:00</date></pub-dates></dates><work-type>Journal Article</work-type><urls><related-urls><url>http://physiologyonline.physiology.org/nips/26/3/132.full.pdf</url></related-urls></urls><electronic-resource-num>10.1152/physiol.00052.2010</electronic-resource-num></record></Cite></EndNote>44 have proposed that alternative signals (i.e., circumferential stretch [cyclic strain], circulating humoral factors) to chronic exercise may act independently or synergistically with shear forces in the modulation of systemic endothelial adaptations in non-contracting tissues (e.g., the cerebrovasculature). Nevertheless, the role of different exercise parameters – and thus blood flow rate/profile – on cerebrovascular endothelium has not been studied. In the systemic vasculature of humans, however, an exercise intensity-dependent response is evident acutely  HYPERLINK \l "_ENREF_45" \o "Birk, 2013 #31"  ADDIN EN.CITE <EndNote><Cite><Author>Birk</Author><Year>2013</Year><RecNum>31</RecNum><DisplayText><style face="superscript">45</style></DisplayText><record><rec-number>31</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">31</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Birk, G.K.</author><author>Dawson, Ellen A.</author><author>Batterham, A.M.</author><author>Atkinson, G.</author><author>Cable, Tim</author><author>Thijssen. D.H.</author><author>Green, Daniel J.</author></authors></contributors><titles><title>Effects of exercise intensity on flow mediated dilation in healthy humans</title><secondary-title>International Journal of Sports Medicine</secondary-title></titles><pages>409-14</pages><volume>34</volume><number>5</number><dates><year>2013</year></dates><urls></urls><electronic-resource-num>10.1055/s-0032-1323829</electronic-resource-num></record></Cite></EndNote>45; severe HIT  HYPERLINK \l "_ENREF_46" \o "Rakobowchuk, 2008 #32"  ADDIN EN.CITE <EndNote><Cite><Author>Rakobowchuk</Author><Year>2008</Year><RecNum>32</RecNum><DisplayText><style face="superscript">46</style></DisplayText><record><rec-number>32</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">32</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Rakobowchuk, Mark</author><author>Tanguay, Sophie</author><author>Burgomaster, Kirsten A.</author><author>Howarth, Krista R.</author><author>Gibala, Martin J.</author><author>MacDonald, Maureen J.</author></authors></contributors><titles><title>Sprint interval and traditional endurance training induce similar improvements in peripheral arterial stiffness and flow-mediated dilation in healthy humans</title><secondary-title>American Journal of Physiology - Regulatory, Integrative and Comparative Physiology</secondary-title></titles><pages>R236-R242</pages><volume>295</volume><number>1</number><dates><year>2008</year><pub-dates><date>July 1, 2008</date></pub-dates></dates><urls><related-urls><url>http://ajpregu.physiology.org/content/295/1/R236.abstract</url></related-urls></urls><electronic-resource-num>10.1152/ajpregu.00069.2008</electronic-resource-num></record></Cite></EndNote>46 as well as moderate-intensity continuous exercise training (MICT)  HYPERLINK \l "_ENREF_47" \o "Seals, 2014 #33"  ADDIN EN.CITE <EndNote><Cite><Author>Seals</Author><Year>2014</Year><RecNum>33</RecNum><DisplayText><style face="superscript">47</style></DisplayText><record><rec-number>33</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">33</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Seals, D. R.</author></authors></contributors><auth-address>Department of Integrative Physiology, University of Colorado Boulder, Boulder, Colorado seals@colorado.edu.</auth-address><titles><title>Edward F. Adolph Distinguished Lecture: The remarkable anti-aging effects of aerobic exercise on systemic arteries</title><secondary-title>J Appl Physiol (1985)</secondary-title><alt-title>Journal of applied physiology</alt-title></titles><pages>425-39</pages><volume>117</volume><number>5</number><edition>2014/05/24</edition><dates><year>2014</year><pub-dates><date>Sep 1</date></pub-dates></dates><isbn>1522-1601 (Electronic)&#xD;0161-7567 (Linking)</isbn><accession-num>24855137</accession-num><work-type>Research Support, N.I.H., Extramural&#xD;Research Support, Non-U.S. Gov&apos;t</work-type><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/24855137</url></related-urls><pdf-urls><url>file://U:\articles\#2228 Seals japplphysiol.00362.2014.full.pdf</url></pdf-urls></urls><custom2>4157159</custom2><electronic-resource-num>10.1152/japplphysiol.00362.2014</electronic-resource-num><language>eng</language></record></Cite></EndNote>47 can improve FMD, and MICT increases arterial compliance whereas resistance exercise reduces it  ADDIN EN.CITE , . Whether such effects translate to the cerebrovasculature is, however, complicated by other effects of intense exercise (see below). 

Another key component of exercise is the increased neural activation associated with generating movement. While elevated neuronal activity will increase perfusion to meet metabolic demand [i.e. neurovascular coupling, (NVC)]  ADDIN EN.CITE 49 and thus have an influence in shear-stress-mediated adaptation, exercise also activates the expression of genes associated with neuroplasticity and stimulates neurogenesis ADDIN EN.CITE , . These processes may thus represent a primordial constituent in the positive relationship between exercise and brain health. Different exercise parameters may influence the rate and magnitude of the neural activation, which in turn may alter the vascular response and potentially the signalling stimulus for adaptation (vascular and neural). 

Understanding the cellular and molecular basis of exercise-induced neuroprotection is vital for optimizing exercise to improve brain health. Research to date has revealed several key exercise-induced mediators of neurogenesis, synaptic plasticity and brain angiogenesis [e.g., brain derived neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF), insulin like growth factor 1 (IGF-1)], along with their gene-level and humoral modulators (e.g. tropomyosin receptor kinase B, protein kinase C, GluR5, synapsin I, fibronectin type III domain containing 5, irisin; for recent reviews see  ADDIN EN.CITE , ). Figure 1 illustrates such proposed local and humoral mediators of exercise-induced adaptation of brain structure and function. Much of the evidence for these cellular and molecular pathways necessarily comes from animal work, thus translation to the human remains speculative. Nevertheless, the role of exercise intensity has received very little attention even in these models, let alone in humans. 

Exercise perturbs redox homeostasis transiently within cells and tissues. While exercise-induced formation of free radicals and reactive oxygen (ROS) and nitrogen (RNS) species was originally suggested to cause structural tissue damage, recent evidence has shown that in physiologically controlled, albeit undefined concentrations, they serve as critical signalling molecules that mediate adaptation ADDIN EN.CITE , . Radical species upregulate antioxidant enzymes  HYPERLINK \l "_ENREF_55" \o "Gomez-Cabrera, 2008 #41"  ADDIN EN.CITE <EndNote><Cite><Author>Gomez-Cabrera</Author><Year>2008</Year><RecNum>41</RecNum><DisplayText><style face="superscript">55</style></DisplayText><record><rec-number>41</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">41</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Gomez-Cabrera, M. C.</author><author>Domenech, E.</author><author>Vina, J.</author></authors></contributors><auth-address>Department of Physiology, Faculty of Medicine, University of Valencia, Blasco Ibanez, 15, 46010 Valencia, Spain.</auth-address><titles><title>Moderate exercise is an antioxidant: upregulation of antioxidant genes by training</title><secondary-title>Free Radic Biol Med</secondary-title></titles><pages>126-31</pages><volume>44</volume><number>2</number><edition>2008/01/15</edition><keywords><keyword>Adaptation, Physiological/*genetics</keyword><keyword>Animals</keyword><keyword>Antioxidants/*metabolism/*physiology</keyword><keyword>Exercise/*physiology</keyword><keyword>Free Radicals/metabolism/pharmacology</keyword><keyword>*Gene Expression Regulation, Enzymologic</keyword><keyword>Humans</keyword><keyword>Models, Biological</keyword><keyword>Muscle, Skeletal/metabolism/physiology</keyword><keyword>Physical Conditioning, Animal/physiology</keyword><keyword>Up-Regulation</keyword></keywords><dates><year>2008</year><pub-dates><date>Jan 15</date></pub-dates></dates><isbn>0891-5849 (Print)</isbn><accession-num>18191748</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=18191748</url></related-urls></urls><electronic-resource-num>S0891-5849(07)00108-6 [pii]&#xD;10.1016/j.freeradbiomed.2007.02.001</electronic-resource-num><language>eng</language></record></Cite></EndNote>55 and increase neurotropic factors such as BDNF, VEGF, and IGF-1  ADDIN EN.CITE , . The Janus Face of exercise-induced oxidative-nitrosative-inflammatory stress reflects a fundamental concept known as hormesis HYPERLINK \l "_ENREF_58" \o "Radak, 2005 #44"  ADDIN EN.CITE <EndNote><Cite><Author>Radak</Author><Year>2005</Year><RecNum>44</RecNum><DisplayText><style face="superscript">58</style></DisplayText><record><rec-number>44</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">44</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Radak, Zsolt</author><author>Chung, HaeYoung</author><author>Goto, Sataro</author></authors></contributors><titles><title>Exercise and hormesis: oxidative stress-related adaptation for successful aging</title><secondary-title>Biogerontology</secondary-title><alt-title>Biogerontology</alt-title></titles><pages>71-75</pages><volume>6</volume><number>1</number><keywords><keyword>anti-oxidants</keyword><keyword>DNA repair</keyword><keyword>exercise</keyword><keyword>hormesis</keyword><keyword>oxygen reactive species (ROS)</keyword></keywords><dates><year>2005</year><pub-dates><date>2005/01/01</date></pub-dates></dates><publisher>Kluwer Academic Publishers</publisher><isbn>1389-5729</isbn><urls><related-urls><url>http://dx.doi.org/10.1007/s10522-004-7386-7</url></related-urls></urls><electronic-resource-num>10.1007/s10522-004-7386-7</electronic-resource-num><language>English</language></record></Cite></EndNote>58: a toxicological term characterizing a biphasic dose-response encompassing a low-dose stimulation or beneficial effect and a high-dose inhibitory or toxic effect ADDIN EN.CITE 59; thus quantifying the impact of each exercise parameter on radical species may be a crucial step in determining the best exercise strategy for optimizing brain structure and function. Accordingly, people with higher baseline oxidative-nitrosative-inflammatory stress (e.g., older or diseased) might benefit from a different prescription of exercise with respect to this mediator of (mal)adaptation.

While this review is focused on the effects of exercise on the brain, an important point to be made is that exercise confers systemic metabolic and immunomodulatory benefits. Indeed, hyperglycaemia and diabetes are important risk factors for dementia  HYPERLINK \l "_ENREF_60" \o "Prince, 2014 #45"  ADDIN EN.CITE <EndNote><Cite><Author>Prince</Author><Year>2014</Year><RecNum>45</RecNum><DisplayText><style face="superscript">60</style></DisplayText><record><rec-number>45</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">45</key></foreign-keys><ref-type name="Report">27</ref-type><contributors><authors><author>Martin Prince</author><author>Emiliano Albanese</author><author>Maëlenn Guerchet</author><author>Matthew Prina</author></authors><tertiary-authors><author>Alzheimer’s Disease International</author></tertiary-authors></contributors><titles><title>World Alzheimer Report 2014: Dementia and Risk Reduction, an Analysis of Protective and Modifiable Factors</title></titles><dates><year>2014</year><pub-dates><date>September 2014</date></pub-dates></dates><pub-location>London</pub-location><urls></urls></record></Cite></EndNote>60, and systemic low-grade chronic inflammation is evident in populations with mild cognitive impairment and Alzheimer's disease  ADDIN EN.CITE 61. Numerous exercise training studies, including those employing models of HIT (discussed next), have shown the efficacy of exercise as a tool to lower blood glucose levels, improve insulin sensitivity and overall glycaemic control, as well as reduce neuro-inflammation (see Figure 1).

HIT; an emerging paradigm 
There is a burgeoning interest in HIT as an alternative means of improving health, motivated in part by the need to combat the perceived and frequently reported ‘lack of time’ barrier associated with traditional exercise guidelines, which promote MICT  ADDIN EN.CITE , . There are various forms of HIT  ADDIN EN.CITE , , but it generally involves repeated bouts of relatively brief intermittent exercise, often performed at an intensity close to (~85-95%) or beyond maximal aerobic power  ADDIN EN.CITE , . Two examples of the HIT profile are illustrated in Figure 2. 

Compared to traditional MICT, emerging evidence indicates that HIT provides equivalent if not indeed superior metabolic, cardiac and systemic vascular adaptations, thereby supporting more time-efficient approaches to optimize metabolic and cardiovascular health (e.g., ADDIN EN.CITE , ; see Figure 3). Such studies have provided mechanistic support for the epidemiological observations that intensity of exercise appears more important than its duration in preventing cardiovascular disease  ADDIN EN.CITE , . HIT has also been shown to be more effective than traditional exercise interventions for cardiac function in various diseases for which there was major concern regarding its safety and appropriateness  ADDIN EN.CITE , . The evidence to date in the cardiac rehabilitation setting indicates a low risk for acute adverse cardiovascular events during HIT, albeit perhaps ~5 times higher than that observed during MICT [1 event per 23,182 hours of HIT exercise vs. 1 event per 129,456 hours of MICT  HYPERLINK \l "_ENREF_80" \o "Rognmo, 2012 #65"  ADDIN EN.CITE <EndNote><Cite><Author>Rognmo</Author><Year>2012</Year><RecNum>65</RecNum><DisplayText><style face="superscript">80</style></DisplayText><record><rec-number>65</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">65</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Rognmo, Øivind</author><author>Moholdt, Trine</author><author>Bakken, Hilde</author><author>Hole, Torstein</author><author>Mølstad, Per</author><author>Myhr, Nils Erling</author><author>Grimsmo, Jostein</author><author>Wisløff, Ulrik</author></authors></contributors><titles><title>Cardiovascular Risk of High- Versus Moderate-Intensity Aerobic Exercise in Coronary Heart Disease Patients</title><secondary-title>Circulation</secondary-title></titles><pages>1436-1440</pages><volume>126</volume><number>12</number><dates><year>2012</year><pub-dates><date>September 18, 2012</date></pub-dates></dates><urls><related-urls><url>http://circ.ahajournals.org/content/126/12/1436.abstract</url></related-urls></urls><electronic-resource-num>10.1161/circulationaha.112.123117</electronic-resource-num></record></Cite></EndNote>80]. Further, a recent meta-analysis of HIT studies in patients with lifestyle-induced chronic cardiometabolic disease (coronary artery disease, heart failure, hypertension, metabolic syndrome and obesity) reported no adverse events related to the exercise training, and revealed that HIT provided almost twice the improvement in cardiorespiratory fitness (i.e., V̇O2max) – a strong predictor of mortality  HYPERLINK \l "_ENREF_17" \o "Blair, 1996 #17"  ADDIN EN.CITE <EndNote><Cite><Author>Blair</Author><Year>1996</Year><RecNum>17</RecNum><DisplayText><style face="superscript">17</style></DisplayText><record><rec-number>17</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">17</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Blair, S. N.</author><author>Kampert, J. B.</author><author>Kohl, H. W.</author><author>Barlow, C.E.</author><author>Macera, C.A.</author><author>Paffenbarger, R.S.</author><author>Gibbons, L.W.</author></authors></contributors><titles><title>Influences of cardiorespiratory fitness and other precursors on cardiovascular disease and all-cause mortality in men and women</title><secondary-title>JAMA</secondary-title></titles><pages>205-210</pages><volume>276</volume><number>3</number><dates><year>1996</year></dates><isbn>0098-7484</isbn><urls><related-urls><url>http://dx.doi.org/10.1001/jama.1996.03540030039029</url></related-urls></urls><electronic-resource-num>10.1001/jama.1996.03540030039029</electronic-resource-num></record></Cite></EndNote>17 – compared to MICT (19.4 vs. 10.3% increase in maximal rate of oxygen consumption; i.e., V̇O2max) HYPERLINK \l "_ENREF_77" \o "Weston, 2014 #62"  ADDIN EN.CITE <EndNote><Cite><Author>Weston</Author><Year>2014</Year><RecNum>62</RecNum><DisplayText><style face="superscript">77</style></DisplayText><record><rec-number>62</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">62</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Weston, Kassia S</author><author>Wisløff, Ulrik</author><author>Coombes, Jeff S</author></authors></contributors><titles><title>High-intensity interval training in patients with lifestyle-induced cardiometabolic disease: a systematic review and meta-analysis</title><secondary-title>British Journal of Sports Medicine</secondary-title></titles><pages>1227-1234</pages><volume>48</volume><number>16</number><dates><year>2014</year><pub-dates><date>August 1, 2014</date></pub-dates></dates><urls><related-urls><url>http://bjsm.bmj.com/content/48/16/1227.abstract</url></related-urls><pdf-urls><url>file://U:\articles\#2224 Br J Sports Med-2014-Weston-1227-34.pdf</url></pdf-urls></urls><electronic-resource-num>10.1136/bjsports-2013-092576</electronic-resource-num></record></Cite></EndNote>77. Further, one study in hypertensive patients included within this meta-analysis reported that 12 weeks of HIT lowered blood pressure by more than twice that achieved with MICT (ambulatory 24-h systolic blood pressure down 12 vs. 4.5 mm Hg, and diastolic blood pressure down 8 vs. 3.5 mm Hg). This study is noteworthy as hypertension is the single most important risk factor for stroke. However, before exercise guidelines are rewritten to make shorter bouts of higher intensity exercise a more convenient and arguably more effective option for healthy and diseased populations to consider, what are the corresponding implications for brain health? Research on the impact and potential benefits of HIT on the cerebrovasculature and corresponding implications for cognitive function is notably absent (e.g., no studies have examined even just the effects of HIT on CBF), which is surprising given the importance of brain structure and function in health and disease. Moreover, HIT may present ‘unique’ dangers for the brain in the short-term that warrant clinical consideration. 

Does HIT pose a danger to the brain? 
Exercise is not risk free; elevated exercise intensity in unscreened and potentially “at risk” populations carries an increased risk acutely, particularly in sedentary adults ADDIN EN.CITE , . As mentioned above, this is a large proportion of the population in many countries. Furthermore, while a functional diagnostic 12-lead electrocardiogram exercise stress test exists to screen for cardiovascular abnormalities, an equivalent, universally-accepted screening process for the cerebrovasculature is lacking; thus, the development and clinical implementation of a brain-specific test could further optimize both health and safety for the brain prior to undertaking any exercise training programme, let alone HIT.
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In summary, the obvious and exciting positive effect(s) that HIT has shown for metabolic and cardiovascular adaptations has led to promotion of this exercise strategy amongst the general population and use in some clinical populations. While in general, any form of physical activity should be encouraged, it seems premature to promote HIT for better whole-body health without clear and comprehensive supporting evidence, particularly given the lack of research focused towards cerebrovascular adaptation. Nevertheless, while there is limited information documenting the impact of HIT on acute and chronic brain health, given the clear metabolic and cardiovascular benefits shown in healthy and diseased populations, abandoning or delaying the implementation of such a potentially effective strategy to optimize health is equally misplaced. Indeed, even with the potential elevated risk of an acute cardiovascular or cerebrovascular event, the health gains and cost savings in the longer term arguably outweigh potential risks, at least on a population-wide scale. Figure 3 presents a summary of the ‘pros and cons’ of HIT for the brain. Notwithstanding the absence of clear evidence examining the impacts of HIT on the brain at the moment, current knowledge of CBF regulation can be applied to help optimize strategies for cerebrovascular adaptation and brain safety during training. 

Optimising cerebrovascular adaptation and safety for HIT
In the context of HIT, it is important to note that the response of the cerebrovasculature to exercise is different to that of the peripheral vasculature  HYPERLINK \l "_ENREF_91" \o "Ogoh, 2009 #92"  ADDIN EN.CITE <EndNote><Cite><Author>Ogoh</Author><Year>2009</Year><RecNum>92</RecNum><DisplayText><style face="superscript">91</style></DisplayText><record><rec-number>92</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">92</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Ogoh, Shigehiko</author><author>Ainslie, Philip N.</author></authors></contributors><titles><title>Cerebral blood flow during exercise: mechanisms of regulation</title><secondary-title>J Appl Physiol</secondary-title></titles><pages>1370-1380</pages><volume>107</volume><number>5</number><dates><year>2009</year><pub-dates><date>November 1, 2009</date></pub-dates></dates><urls><related-urls><url>http://jap.physiology.org/cgi/content/abstract/107/5/1370</url></related-urls></urls><electronic-resource-num>10.1152/japplphysiol.00573.2009</electronic-resource-num></record></Cite></EndNote>91. While increased perfusion during high-intensity exercise is one likely mediator of improved systemic vascular function (as detailed above), exercising above ~70% V̇O2max induces a hyperventilation-induced hypocapnia and subsequent cerebral vasoconstriction, reducing CBF towards resting values  ADDIN EN.CITE 32-34. This constrictive effect may serve as a neuroprotective response to prevent BBB disruption and hyperperfusion injury, and has been associated with improved CBF regulation during changes in blood pressure (i.e., autoregulation)  ADDIN EN.CITE 92-94. However, whether this vasoconstriction is sufficient to counteract the increased cerebral perfusion pressure induced from HIT is not known. On the other hand, assuming that shear stress is necessary for the majority of adaptive cerebrovascular phenomena during exercise, and that vasoconstriction occurs at high exercise intensities sufficient to lower CBF towards baseline levels, then this shear stress may not occur, which may constrain vascular adaptation at high intensities. Therefore, perhaps limiting this vasoconstrictive effect via controlled breathing or clamping of end-tidal PCO2 strategies could optimize this stimulus-response effect; but would seem an inappropriate option for individuals with elevated risk of a hyperperfusion event, particularly given the link with impaired CA and increased PaCO2. ADDIN EN.CITE 93-95 Further, chronic exposure to elevated PaCO2 may alter cerebrovascular-CO2 responsiveness, a notion suggested by Thomas et al.  HYPERLINK \l "_ENREF_96" \o "Thomas, 2013 #97"  ADDIN EN.CITE <EndNote><Cite><Author>Thomas</Author><Year>2013</Year><RecNum>97</RecNum><DisplayText><style face="superscript">96</style></DisplayText><record><rec-number>97</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">97</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Thomas, Binu P.</author><author>Yezhuvath, Uma S.</author><author>Tseng, Benjamin Y.</author><author>Liu, Peiying</author><author>Levine, Benjamin D.</author><author>Zhang, Rong</author><author>Lu, Hanzhang</author></authors></contributors><titles><title>Life-long aerobic exercise preserved baseline cerebral blood flow but reduced vascular reactivity to CO2</title><secondary-title>Journal of Magnetic Resonance Imaging</secondary-title></titles><pages>1177-1183</pages><volume>38</volume><number>5</number><keywords><keyword>masters athletes</keyword><keyword>cerebral vascular reactivity</keyword><keyword>cerebral blood flow</keyword><keyword>BOLD MRI</keyword><keyword>arterial-spin-labeling</keyword><keyword>CO2</keyword></keywords><dates><year>2013</year></dates><isbn>1522-2586</isbn><urls><related-urls><url>http://dx.doi.org/10.1002/jmri.24090</url></related-urls></urls><electronic-resource-num>10.1002/jmri.24090</electronic-resource-num></record></Cite></EndNote>96 to explain their observed blunted CBF-CO2 responsiveness in a group of life-long exercisers (i.e., Masters athletes). 
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Sato and colleagues also showed that the high-intensity-induced reduction in ICA flow was correlated to both the relative hypocapnia and the increased flow in the external carotid artery (ECA)  HYPERLINK \l "_ENREF_97" \o "Sato, 2011 #98"  ADDIN EN.CITE <EndNote><Cite><Author>Sato</Author><Year>2011</Year><RecNum>98</RecNum><DisplayText><style face="superscript">97</style></DisplayText><record><rec-number>98</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">98</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Sato, Kohei</author><author>Ogoh, Shigehiko</author><author>Hirasawa, Ai</author><author>Oue, Anna</author><author>Sadamoto, Tomoko</author></authors></contributors><titles><title>The distribution of blood flow in the carotid and vertebral arteries during dynamic exercise in humans</title><secondary-title>The Journal of Physiology</secondary-title></titles><pages>2847-2856</pages><volume>589</volume><number>11</number><dates><year>2011</year><pub-dates><date>June 1, 2011</date></pub-dates></dates><urls><related-urls><url>http://jp.physoc.org/content/589/11/2847.abstract</url></related-urls></urls><electronic-resource-num>10.1113/jphysiol.2010.204461</electronic-resource-num></record></Cite></EndNote>97. This redistribution to the ECA was suggested to illustrate that brain and head thermoregulation have higher priority for CBF regulation during heavy exercise, which is in contrast with what happens at rest during passive heating, where no regional differences are apparent and the reduction in anterior flow is mediated by reductions in end-tidal PCO2 and unrelated to increased ECA flow  HYPERLINK \l "_ENREF_119" \o "Bain, 2013 #120"  ADDIN EN.CITE <EndNote><Cite><Author>Bain</Author><Year>2013</Year><RecNum>120</RecNum><DisplayText><style face="superscript">119</style></DisplayText><record><rec-number>120</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">120</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Bain, A. R.</author><author>Smith, K. J.</author><author>Lewis, N. C.</author><author>Foster, G. E.</author><author>Wildfong, K. W.</author><author>Willie, C. K.</author><author>Hartley, G. L.</author><author>Cheung, S. S.</author><author>Ainslie, P. N.</author></authors></contributors><auth-address>Center for Heart, Lung, and Vascular Health, University of British Columbia, Okanagan, British Columbia, Canada;</auth-address><titles><title>Regional changes in brain blood flow during severe passive hyperthermia: effects of PaCO2 and extracranial blood flow</title><secondary-title>J Appl Physiol (1985)</secondary-title><alt-title>Journal of applied physiology</alt-title></titles><pages>653-9</pages><volume>115</volume><number>5</number><edition>2013/07/05</edition><dates><year>2013</year><pub-dates><date>Sep 1</date></pub-dates></dates><isbn>1522-1601 (Electronic)&#xD;0161-7567 (Linking)</isbn><accession-num>23823149</accession-num><work-type>Research Support, Non-U.S. Gov&apos;t</work-type><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/23823149</url></related-urls></urls><electronic-resource-num>10.1152/japplphysiol.00394.2013</electronic-resource-num><language>eng</language></record></Cite></EndNote>119. From a teleological perspective, this thermoregulatory mediated response may also serve as a neuroprotective mechanism during HIT, diverting a proportion of the elevated blood flow away from the cerebral tissue, thus attenuating the increased cerebral perfusion pressure and risk of injury to the brain. Clearly this may also have consequences for oxygen and nutrient delivery to the neurons supplied by the ICA, however the interconnectedness between the posterior and anterior cerebral circulations via the Circle of Willis may mean that some of this reduction in ICA flow is compensated for by the VA HYPERLINK \l "_ENREF_97" \o "Sato, 2011 #98"  ADDIN EN.CITE <EndNote><Cite><Author>Sato</Author><Year>2011</Year><RecNum>98</RecNum><DisplayText><style face="superscript">97</style></DisplayText><record><rec-number>98</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">98</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Sato, Kohei</author><author>Ogoh, Shigehiko</author><author>Hirasawa, Ai</author><author>Oue, Anna</author><author>Sadamoto, Tomoko</author></authors></contributors><titles><title>The distribution of blood flow in the carotid and vertebral arteries during dynamic exercise in humans</title><secondary-title>The Journal of Physiology</secondary-title></titles><pages>2847-2856</pages><volume>589</volume><number>11</number><dates><year>2011</year><pub-dates><date>June 1, 2011</date></pub-dates></dates><urls><related-urls><url>http://jp.physoc.org/content/589/11/2847.abstract</url></related-urls></urls><electronic-resource-num>10.1113/jphysiol.2010.204461</electronic-resource-num></record></Cite></EndNote>97. Whether such differential responses occur during short HIT bouts is unknown (Sato et al. used 5-min steady-state intensities up to 80% V̇O2max, whereas HIT typically involves intensities of 80-200% V̇O2max imposed rapidly), however light exercise or mild passive heating prior to HIT would seem advantageous to prime cutaneous blood flow to reduce the risk of brain hyperperfusion injury. Nevertheless, while potentially having a lower risk of hyperperfusion injury, the lower absolute flow could attenuate shear stress-induced adaptation (see above). In summary, improving our understanding of regional differences in CBF regulation may help improve safety during HIT. 
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Optimizing cerebrovascular adaptation through brain-targeted training interventions
Can interventions be tailored to maximize cerebral perfusion and optimize adaptation? In this final section we consider strategies and discuss emerging interventions with the capacity to maximize cerebrovascular adaptation. 

Elevations in shear stress can be stimulated by simple manoeuvres such as repeated squat-to-stand manoeuvres, which result in oscillating blood flow within a safer (i.e., lower) autoregulatory range of blood pressure as well as potentially stimulating a mechanical stress-mediated adaptive response for the cerebrovascular endothelium (see above). Recently this concept has been illustrated via water immersion, where CBF increases in a similar magnitude to that obtained during land-based exercise  HYPERLINK \l "_ENREF_128" \o "Carter, 2014 #129"  ADDIN EN.CITE <EndNote><Cite><Author>Carter</Author><Year>2014</Year><RecNum>129</RecNum><DisplayText><style face="superscript">128</style></DisplayText><record><rec-number>129</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">129</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Carter, H. H.</author><author>Spence, A. L.</author><author>Pugh, C. J.</author><author>Ainslie, P.N.</author><author>Naylor, L. H.</author><author>Green, D. J.</author></authors></contributors><auth-address>School of Sport Science, Exercise and Health, The University of Western Australia, Crawley, Western Australia;</auth-address><titles><title>Cardiovascular responses to water immersion in humans: impact on cerebral perfusion</title><secondary-title>Am J Physiol Regul Integr Comp Physiol</secondary-title><alt-title>American journal of physiology. Regulatory, integrative and comparative physiology</alt-title></titles><pages>R636-R640</pages><volume>306</volume><number>9</number><edition>2014/02/21</edition><dates><year>2014</year><pub-dates><date>May</date></pub-dates></dates><isbn>1522-1490 (Electronic)&#xD;0363-6119 (Linking)</isbn><accession-num>24553298</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/24553298</url></related-urls></urls><electronic-resource-num>10.1152/ajpregu.00516.2013</electronic-resource-num><language>Eng</language></record></Cite></EndNote>128, and more so when water immersion was combined with exercise  HYPERLINK \l "_ENREF_129" \o "Pugh, 2015 #130"  ADDIN EN.CITE <EndNote><Cite><Author>Pugh</Author><Year>2015</Year><RecNum>130</RecNum><DisplayText><style face="superscript">129</style></DisplayText><record><rec-number>130</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">130</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Pugh, Christopher J.A.</author><author>Sprung, Victoria S.</author><author>Ono, Kumiko</author><author>Spence, Angela L.</author><author>Thijssen, Dick H.J.</author><author>Carter, Howard H.</author><author>Green, Daniel J.</author></authors></contributors><titles><title>The Effect of Water Immersion during Exercise on Cerebral Blood Flow.</title><secondary-title>Medicine &amp; Science in Sports &amp; Exercise</secondary-title></titles><pages>299-306</pages><volume>47</volume><number>2</number><keywords><keyword>Cerebral blood flow</keyword><keyword>water immersion</keyword><keyword>exercise</keyword><keyword>transcranial Doppler</keyword><keyword>00005768-900000000-98011</keyword></keywords><dates><year>2015</year></dates><isbn>0195-9131</isbn><urls><related-urls><url>http://journals.lww.com/acsm-msse/Fulltext/publishahead/The_Impact_of_Water_Immersion_during_Exercise_on.98011.aspx</url></related-urls><pdf-urls><url>file://U:\articles\#2227 Pugh et al 2014_ water immersion and CBF.pdf</url></pdf-urls></urls></record></Cite></EndNote>129. How this then translates to longer-term effects (i.e., following a training intervention) has not yet been reported, but the combined strategy may result in greater improvements in cerebrovascular function than previously reported from a standard land- and aerobic-based training study  HYPERLINK \l "_ENREF_130" \o "Murrell, 2013 #76"  ADDIN EN.CITE <EndNote><Cite><Author>Murrell</Author><Year>2013</Year><RecNum>76</RecNum><DisplayText><style face="superscript">130</style></DisplayText><record><rec-number>76</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">76</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Murrell, CarissaJ</author><author>Cotter, JamesD</author><author>Thomas, KateN</author><author>Lucas, SamuelJ E.</author><author>Williams, MichaelJ A.</author><author>Ainslie, PhilipN</author></authors></contributors><titles><title>Cerebral blood flow and cerebrovascular reactivity at rest and during sub-maximal exercise: Effect of age and 12-week exercise training</title><secondary-title>Age</secondary-title><alt-title>AGE</alt-title></titles><pages>905-920</pages><volume>35</volume><number>3</number><keywords><keyword>Ageing</keyword><keyword>Exercise training</keyword><keyword>Fitness</keyword><keyword>Cerebral blood flow</keyword><keyword>CO2 reactivity</keyword></keywords><dates><year>2013</year><pub-dates><date>2013/06/01</date></pub-dates></dates><publisher>Springer Netherlands</publisher><isbn>0161-9152</isbn><urls><related-urls><url>http://dx.doi.org/10.1007/s11357-012-9414-x</url></related-urls></urls><electronic-resource-num>10.1007/s11357-012-9414-x</electronic-resource-num><language>English</language></record></Cite></EndNote>130. Such a training strategy may be a powerful adjunct to increase the shear-stress stimulus for clinical populations with impaired mobility as a consequence of injury (e.g., hip fracture) or large body mass (e.g., obese).

The neurovascular coupling relation within the brain means that particular movements can stimulate region-specific increases in CBF, that when combined could optimize global CBF (if performed at an appropriate intensity); e.g., combining handgrip exercise with lower-limb cycling. This neurovascular effect need not be restricted to motor output for various muscles, with somatosensory input potentially contributing to even greater elevations in CBF (particularly from those areas with greater representation in the cortex; e.g., face and hands). Consistent with this concept, a recent Cochrane Review has argued that a combined multi-modal (aerobic and motor) intervention may compound cerebrovascular adaptation and improve cognitive function  HYPERLINK \l "_ENREF_131" \o "Angevaren, 2008 #131"  ADDIN EN.CITE <EndNote><Cite><Author>Angevaren</Author><Year>2008</Year><RecNum>131</RecNum><DisplayText><style face="superscript">131</style></DisplayText><record><rec-number>131</rec-number><foreign-keys><key app="EN" db-id="52x90xwfm05s5kee5wzpr5p3xv9tpvpaaz5z">131</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Angevaren, M.</author><author>Aufdemkampe, G.</author><author>Verhaar, H.J.</author><author>Aleman, A.</author><author>Vanhees L. </author></authors></contributors><titles><title>Physical activity and enhanced fitness to improve cognitive function in older people without known cognitive impairment</title><secondary-title>Cochrane Database Systematic Review</secondary-title></titles><pages>DOI: 10.1002/14651858.CD005381.pub3</pages><dates><year>2008</year></dates><urls></urls></record></Cite></EndNote>131. Using such an approach, Vaughan and colleagues showed medium-to-large improvements in cognitive function, relative to the smaller effects reported from previously-employed single or bi-modality exercise interventions  ADDIN EN.CITE 132. 
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Thus, a different approach may be necessary when ‘training the brain’ to optimize vessel adaptation and improve function. There is an urgent need to develop optimal and appropriate interventions that will target key mechanistic pathways linked to improved vascular and brain function; interventions that could supplement or indeed replace current exercise-based conditioning practices for whole-body health. HIT may prove one such strategy though the safety concerns and its mechanistic basis requires a great deal more scientific and clinical support (see Figure 3). While we have suggested some alternatives here, this list is by no means exhaustive of potential alternative or adjunct conditioning strategies. Other possibilities include: heat and hypoxia conditioning, repetitive brain stimulation (e.g., via transcranial magnetic stimulation), as well as combined nutritional and exercise-based protocols (e.g., flavonoid containing products). Future research is required to test the efficacy and effectiveness of such approaches on brain health (and whole-body health). 
Figure 4 illustrates how exercise and other conditioning strategies may lead to beneficial adaptation of brain structure and function. A vital concept highlighted within this figure is the link between the stress imposed by an intervention and the physiological strain that it induces. Specifically, it is the resultant strain from the stimulus (or combination of stimuli) that mediates the release of humoral and metabolic signals from various cells, tissues and organs (see Figure 1) that then drives the molecular sensing and transcription that underpins the exercise-induced adaptation of brain structure and function. Research is needed to identify the optimal dose and combination of stimuli, as well as the processes that mediate the adaptation for such interventions. We have suggested some possible candidates that may be involved in this process based on cell culture and animal-based studies (mentioned above), as well as human-based work examining the mechanistic underpinning of vascular adaptation in the systemic circulation. Work is required to establish whether these are the pathways through which exercise and other conditioning strategies bring about positive adaptation for brain structure and function, as well as determining which intervention or combination of stimuli bring about optimal changes in brain health and which may be different depending on age, clinical status and/or genetics. Clearly, this is a difficult but important field for future research, which may produce some unusual lifestyle interventions for optimizing brain health. 
Conclusions and recommendations for future research
High-intensity interval exercise training for metabolic and cardiovascular health appears generally comparable if not indeed superior to the gains incurred following traditional low-to-moderate intensity continuous exercise interventions. However, to what extent HIT impacts cerebrovascular function acutely or adaptively and the corresponding implications for cognitive function remain unknown. Research is urgently needed to address this imbalance and provide clinical practitioners with objective, evidence-based recommendations to promote safe practice and effective conditioning strategies to optimize brain health. Ideally, this evidence would come in the form of RCTs examining the effectiveness of HIT vs. MICT in the short term. Overall, research is required to establish the optimal exercise strategy for the brain as well as the usefulness of alternative and adjunct strategies that might mediate beneficial adaptation, and the underlying mechanisms involved, to optimize brain function across the lifespan. Optimizing interventions that target key mechanistic pathways linked to improved vascular and brain function could ultimately protect against and/or treat cognitive decline and brain vasculature-related neurodegenerative diseases, and thus reduce the looming global economic burden that is projected to cost billions in the years to come.
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Titles and legends to figures
Figure 1:  Schematic summarizing proposed mechanisms by which exercise training may alter brain structure and function as well as lower the risk of brain-related dysfunction and disease via alterations in systemic function. Abbreviations: BDNF, brain derived neurotrophic factor;  VEGF, vascular endothelial growth factor; IGF-1, insulin like growth factor 1; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; ROS, reactive oxygen species; RNS, reactive nitrogen species; MAP, mean arterial blood pressure; CBF, cerebral blood flow; CO2, carbon dioxide; PGC-1α, Peroxisome proliferator-activated receptor-γ coactivator.
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Figure 3:The pros and cons of BRAIN-HIT. Abbreviations: BBB; brain blood barrier; CBF, cerebral blood flow; HIT, high-intensity interval exercise training; MICT, moderate intensity continuous exercise training; VA, vertebral arteries; BDNF, brain derived neurotrophic factor; V̇O2max,  maximal aerobic power

Figure 4: This figure illustrates the potential pathways through which the components of physical activity (intensity, duration, mode, frequency) as well as other conditioning strategies may lead to beneficial adaptation of brain structure and function. Note that the interventions/stimuli can be applied individually or in combination, and the induced physiological strain and integration of humoral, metabolic and molecular signalling, sensoring and transcription may be modulated by individual characteristics (age, sex, clinical status) and/or other factors (e.g., nutritional supplements) to influence the nature of brain structure and function adaptation. 
Abbreviations: IGF-1, insulin like growth factor 1; BDNF, brain derived neurotrophic factor;  VEGF, vascular endothelial growth factor; PGC-1α, Peroxisome proliferator-activated receptor-γ coactivator; IL-6, Interleukin 6; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; ROS, reactive oxygen species; RNS, reactive nitrogen species; CRP, C-reactive protein; AMPK, AMP-activated protein kinase; SIRT 1, Sirtuin 1; NFkβ, nuclear factor kappa B, LTP, Long-term potentiation.
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